Wolin MS. Reactive oxygen species and the control of vascular function. Am J Physiol Heart Circ Physiol 296: H539 -H549, 2009. First published January 16, 2009 doi:10.1152/ajpheart.01167.2008.-This article summarizes perspectives on how reactive oxygen species (ROS) and redox signaling mechanisms participate in regulating vascular smooth muscle function that have resulted from our studies over the past 25 years in areas including oxygen sensing and the regulation of cGMP production by soluble guanylate cyclase (sGC) that were presented in the Robert M. Berne Distinguished Lectureship at the 2008 Experimental Biology Meeting. It considers mechanisms controlling the activity of sources of ROS including Nox oxidases and mitochondria by physiological stimuli, vascular diseases processes, and metabolic mechanisms linked to NAD(P)H redox and hypoxia. Metabolic interactions of individual ROS such as hydrogen peroxide with cellular peroxide metabolizing enzymes are viewed as some of the most sensitive ways of influencing cellular signaling systems. The control of cytosolic NADPH redox also seems to be a major contributor to bovine coronary arterial relaxation to hypoxia, where its oxidation functions to coordinate the lowering of intracellular calcium, whereas increased cytosolic NADPH generation in pulmonary arteries appears to maintain elevated Nox oxidase activity, and relaxation to hydrogen peroxide, which is attenuated by hypoxia. The sensitivity of sGC to nitric oxide seems to be regulated by thiol and heme redox systems controlled by cytosolic NADPH. Heme biosynthesis and metabolism are also important factors regulating the sGC system. The signaling pathways controlling oxidases and their colocalization with redoxregulated systems enables selective activation of numerous regulatory mechanisms influencing vascular function in physiological processes and the progression of aging-associated vascular diseases. guanylate cyclase; Nox oxidases; oxygen sensing; redox signaling REACTIVE OXYGEN SPECIES (ROS) are now known to have many important roles in the control of vascular function. If we look back to the field that existed before realizing contributions of ROS to vascular regulation, the work of two individuals stands out as having a tremendous impact on our own work and the field as we know it today. Early studies by Fridovich (24, 25) on agents that altered an oxygen-dependent reduction of cytochrome c by xanthine oxidase evolved into the discovery of the enzyme superoxide dismutase (SOD) that metabolizes superoxide generated by this enzyme (43) and a modeling of the biological properties of superoxide biosynthesis and metabolism. The initial interests of Chance in detecting how enzymes such as catalase metabolize peroxide (14) evolved into developing an integrated understanding of many key aspects of cellular peroxide metabolism that included areas such as how the redox status of components of the mitochondrial electron transport chain influence ROS generation (15). While the existence and importance of NAD(P)H oxidases or Nox oxidases in vascular regulation is a relatively new area of investigation, early studies recognized the major importance of microsomal NAD(P)H oxidase activities as cellular sources of peroxide in tissues such as the liver (9, 27). Currently, there is substantial evidence that Nox oxidases and mitochondria are significant sources of ROS generation in vascular smooth muscle (3, 35, 41, 70, 74) . In addition, the endothelium can be a source of these and additional enzymes such as nitric oxide synthase, xanthine oxidase, cyclooxygenase, and cytochrome P-450, which can potentially generate and/or release ROS in amounts that have a major influence on the control of vascular function (39, 55) . Early studies by groups lead by Kontos (38) and others showing how endogenously produced ROS can regulate microvascular contractile function contributed to developing the evolving field of how these systems regulate blood flow in a diversity of physiological and pathophysiological processes (40, 55). A major source of the variability in vascular regulation seen in arteries and veins, and the microcirculation of different organ systems during the progression of aging and disease processes, originates from changes in ROS and their interactions with systems controlling endothelial mediator release and vascular function. An early hypothesis for the mechanism of pulmonary hypoxic vasoconstriction by Archer and Weir (6) highlights initial thoughts on ways the modulation of ROS by changes in oxygen tension could influence cytosolic NAD(P)H redox in a manner that regulates thiol redox-controlled systems such as potassium channels. Our current understanding of how redox-regulated systems are organized to control signaling
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Cellular Generation and Metabolism of ROS
There appears to be a basal rate of production of ROS in essentially all cells from oxidases such as Nox oxidases and components of the mitochondrial electron transport chain, and many types of physiological and pathophysiological stimuli can cause acute increases in the rates of ROS production by influencing the activities of the oxidases that are expressed. Most oxidases begin the production of ROS by donating an electron to oxygen to generate superoxide anion (O 2
•Ϫ ), and this electron often originates from cellular systems utilizing reduced pyridine nucleotides such as NADPH and/or NADH as the electron donors. In the absence of superoxide metabolizing systems, the rates of superoxide production by oxidases in cells will probably generate concentrations of superoxide in the nanomolar range based on the known levels of oxidase activities that are present in biological systems and the spontaneous rate of reaction of superoxide with itself, which generates hydrogen peroxide (H 2 O 2 ) and oxygen. The amounts of different forms of SOD thought to be present in intracellular regions should lower the levels of superoxide into the picomolar concentration range (25) . Based on the apparent rates of generation of peroxide and its metabolism by key scavenging systems, including glutathione peroxidase and catalase, peroxide levels in the cytosolic region of cells are thought to be in the low nanomolar concentration range (15) . While superoxide reacts with nitric oxide (NO) three to four times faster than it reacts with SOD, this reaction only becomes a significant biological regulatory factor when superoxide levels rise or when NO levels are very high and approach the concentrations of SOD that are present. This reaction of NO with superoxide generates peroxynitrite (ONOO Ϫ ), a reactive molecule that causes the modification of multiple other biological molecules and key sites on proteins potentially involved in their regulation. Initially, hydroxyl radical was thought to be a key regulatory species generated from reactions of peroxide with ferrous iron (Fe 2ϩ ) and from the decomposition of peroxynitrite (61) . However, because of the extreme chemical reactivity of hydroxyl radical, its importance in biological regulation seems to have been questioned, and evidence for alternative reactions of peroxide and peroxynitrite has evolved. For example, the reaction of peroxide with metal sites on proteins such as heme or bound iron is more likely to be involved in biological regulation. In addition, reactions associated with nitric oxide oxidation generating other reactive radicals such as nitrogen dioxide (⅐NO 2 ) and carbonate radical are potential contributing factors in responses initially thought to result from peroxynitrite formation.
Mechanisms for Interactions of ROS with Cellular Signaling Systems
The relatively low intracellular concentrations of superoxide because of the presence of SOD may limit its direct interactions with signaling systems. However, regulation resulting from superoxide generation may originate from either the efficient formation of peroxide by SOD or as a result of its interaction with NO (see Fig. 1 ), and perhaps other targets that superoxide readily reacts with. Some of the most efficient ways peroxide can interact with signaling systems appear to result from the consequences of its enzymatic metabolism by proteins including catalase, glutathione peroxidase, and peroxiredoxins. Early observations documented that exposure of microvascular preparations to peroxide elicited responses that were often dominated by prostaglandin (PG)-mediated mechanisms (64, 75) . These observations and studies on cyclooxygenase evolved into recognizing the important role of peroxide metabolism by the heme peroxidase reaction of this enzyme in the physiological stimulation of prostaglandin generation (42) . Variation in activities of PGH 2 -metabolizing enzymes that are present in different segments of the circulation in normal and pathophysiological states seems to be a major contributor to the expression of both prostaglandin-mediated contractile and relaxing responses to conditions that expose vascular tissue to peroxide. We observed that, although catalase was metabolizing peroxide, it was able to stimulate sGC either with purified enzymes or under conditions present in pulmonary arteries that were associated with relaxation to peroxide (11, 12, 18) . It is well established that the glutathione peroxidase reaction generates oxidized glutathione (GSSG) while it metabolizes peroxide and that GSSG is a substrate for enzymes that appear to regulate the redox status of thiols on proteins in ways that have potential regulatory roles (23, 72) . The metabolism of peroxide by peroxiredoxins is usually linked to the generation of oxi- Fig. 1 . Interactions of the metabolism of reactive O2 species with vascular signaling systems. Redox changes in thiols and heme resulting from the fast rates of metabolism of peroxide by peroxidases and catalase are hypothesized to be some of the most sensitive ways reactive oxygen species (ROS) generation by oxidases interacts with signaling systems that control vascular contractile function such as the generation of prostaglandins (PGs) by cyclooxygenase and the production of cGMP by soluble guanylate cyclase (sGC). As nitric oxide (NO) levels increase, it competes with superoxide dismutase (SOD) for the metabolism of superoxide, forming reactive species, including peroxynitrite (ONOO Ϫ ) and nitrogen dioxide ( ⅐ NO2), which directly modify tissue thiols (RSH), unsaturated fatty acids [e.g., arachidonic acid (AA)] and reactive protein tyrosine groups (Tyr) through oxidation, nitrosation, or nitration reactions linked to signaling mechanisms that influence vascular function. dized thioredoxin thiols, and thioredoxin reductase/thioredoxin systems are well established as regulators of protein thiol redox sites that often have important regulatory roles. For example, the status of these cellular thiol redox systems in subcellular regions potentially influences signaling systems through enzymatic reactions such as glutaredoxin and protein disulfide isomerases, which reversibly modify the redox of protein thiol groups in a manner dependent on the localized ratio of cofactors such as reduced glutathione (GSH) to GSSG. Although there are many hypotheses assuming peroxides interact with signaling systems by directly reacting with thiol groups presumably in their more reactive anionic form, the slow rates that have been reported for these reactions suggest alternative processes may be involved. One possibility is that proteinbinding interactions might put the catalytic site of oxidases together with thiols in a manner that exposes them to the high concentrations of peroxide needed to drive direct reactions of peroxide with thiols. Alternatively, it could be hypothesized that catalysts such as transition metals might promote peroxide reactions with reactive protein thiol groups. Oxidized forms of NO, including peroxynitrite and nitrogen dioxide, have chemical properties that are potentially involved in regulation through their reactions with protein sites such as thiols and tyrosine, unsaturated fatty acids, and other molecules (GSH, tetrahydrobiopterin, etc.) that these species readily react with (60) . Most of the other known direct chemical reactions of superoxide, peroxide, and other ROS with targets linked to signaling systems have rates suggesting they would not be very significant or selective at the concentrations of these species potentially present in cells under biological conditions. However, there is evidence for distinct subcellular localizations for oxidases that may enable signaling systems colocalized with the oxidases to be exposed to very high concentrations of ROS (16, 35 ).
An extremely important, but rather poorly understood, aspect of signaling by ROS is that there are specific signaling mechanisms regulating the activities of the different oxidases in cells, and there is likely to be selective activation of redox-regulated signaling systems that are localized to the subcellular regions of the oxidases being regulated. For example, Griendling and colleagues (35) initially documented that Nox1 and Nox4 had specific subcellular localizations in vascular smooth muscle cells and suggested this was an important factor in determining the signaling processes that these ROSgenerating systems were involved in. An endoplasmic reticulum localization of Nox4 in endothelium has recently been shown by the Keaney group (16) to be essential for observing its ability to inhibit protein tyrosine phosphatase 1B in epidermal growth factor receptor (EGFR) signaling. Thus, while a molecule such as hydrogen peroxide could influence the function of many different signaling systems, there will be selective regulation of specific cellular functions as a result of the unique ways each oxidasegenerating peroxide is controlled by biological processes and colocalized with redox-regulated signaling systems.
Cytosolic NAD(P)H Redox Metabolic Control Mechanisms
Pathways of glucose metabolism and aspects of mitochondrial function are potentially major regulators of cellular redox control through their influence on the redox status of NADPH and NADH [or ratios of reduced NAD(P)H to oxidized NAD(P) ϩ ] in subcellular regions (see Fig. 2 ). The major source of NADH generation in the cytosolic region appears to be glyceraldehyde 3-phosphate dehydrogenase in glycolysis. However, the efficiency of mitochondrial shuttles and the equilibrium-like behavior of the lactate dehydrogenase reaction generally function in the direction of removing cytosolic NADH and keeping the cytosolic NAD(H) system primarily in its oxidized NAD ϩ form. In contrast, most studies suggest cells maintain greater levels of NADPH than NADP ϩ in subcellular regions such as cytosol and mitochondria. It is generally thought that glucose-6-phosphate dehydrogenase (G6PD) and phosphogluconate dehydrogenase, the subsequent enzyme in the pentose phosphate pathway (PPP) of glucose metabolism, are the primary sites generating NADPH in the cytosolic region of vascular tissue. An observation consistent with this interpretation is evidence that inhibitors of G6PD promote the oxidation of NADPH in vascular smooth muscle (28) . Whereas the control of cytosolic NADPH by a variety of biosynthetic enzymes, oxidases, and enzymes maintaining thiol redox which consume NADPH is not well understood, it is likely that the activities of these enzymes determine their influence on NADPH redox in subcellular regions. The redox status of cytosolic NADH generated primarily by the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) in glycolysis and cytosolic NADPH derived from glucose-6-phosphate (G-6-P) metabolism by glucose-6-phosphate dehydrogenase (G6PD) and the pentose phosphate pathway (PPP) are hypothesized to control signaling mechanisms through their influence in providing NAD(P)H to support ROS generation by Nox oxidases and processes directly regulated by NADP(H) redox. Note that the lactate dehydrogenase (LDH) reaction and mitochondrial shuttles normally function to maintain very low levels of cytosolic NADH, allowing high levels of lactate (Lac) to regulate signaling through increasing NADH and ROS generation by Nox oxidases. Some of the signaling mechanisms we have observed to be regulating contractile function in bovine arteries by these metabolic redox control systems, including cGMP signaling, extracellular signal-regulated kinase (ERK), potassium (K ϩ ) channels, and processes controlled by NADP(H) redox (NADP/NADPH) that coordinate the lowering of cytosolic calcium (Ca
Interactions of Cytosolic NAD(P)H Redox with Vascular Signaling Systems
A variety of regulatory systems are influenced by NAD(P)H redox in a manner that could potentially be important in the control of vascular function. The key roles of NADPH as both a source of vascular ROS generation and as a controller of the redox status of thiol redox systems involved in peroxide metabolism and oxidant-associated signaling suggest that the control of NADPH redox in cytosolic-linked cellular regions will be a major factor in the expression of signaling and responses that are observed. Because both NADH and NADPH appear to be substrates for Nox oxidases, the availability of these electron donors for superoxide generation can influence ROSregulated signaling. We first recognized the potential importance of cytosolic NADH as a substrate for vascular Nox oxidases as a result of discovering that lactate increased superoxide and caused a peroxide-mediated relaxation in endothelium-removed bovine arteries (53, 59) . Our emphasis in studying the role of substrates for Nox oxidases may have initially been biased toward focusing on NADH because measurements of superoxide generation using high concentrations of lucigenin could have contained a redox cycling artifact enhancing NADH-derived superoxide production compared with NADPH. However, our subsequent studies in coronary arteries developed by Gupte et al. (28) with inhibition of NADPH generation by G6PD detected a decrease in superoxide and peroxide release from bovine coronary arteries, suggesting that NADPH was normally the primary substrate supporting Nox oxidase activity.
Studies on the mechanism of a ROS-independent relaxation that resulted from inhibition of G6PD evolved into the realization that cytosolic NADPH oxidation appears to function as a coordinator of multiple mechanisms that lower intracellular calcium (28, 32) . Some of the systems that seem to have roles in the relaxation of bovine coronary arteries when cytosolic NADPH oxidizes include stimulation of calcium uptake by the sarco(endo)plasmic reticulum calcium ATPase pump and the opening of voltage-and calcium-regulated potassium channels. Inhibition of G6PD also promotes oxidation of glutathione and has actions similar to the thiol oxidant diamide in promoting relaxation through what appears to be a thiol redox-regulated mechanism of controlling calcium influx through both voltage-regulated calcium channels and other receptor-regulated calcium channels (28, 36) . Figure 3 shows some of the ways cytosolic NADPH oxidation potentially coordinates the lowering of intracellular calcium. Model showing processes we hypothesize to participate in mediating relaxation of bovine coronary and contraction of bovine pulmonary arterial smooth muscle to hypoxia. In coronary arteries, a metabolic stress caused by hypoxia is hypothesized to impair a mitochondrial pyruvate metabolism-controlled feedback inhibition of glycolysis (26, 32) . This feedback mechanism functions to sustain G-6-P availability for metabolism by G6PD and the PPP for the generation and maintenance of cytosolic NADPH. The observed hypoxia-elicited increase in the ratio of cytosolic NADP/NADPH appears to elicit relaxation through multiple redox-regulated processes that seem to coordinate the lowering of intracellular calcium ([Ca 2ϩ ]i). Studies probing the mechanism of the relaxation of bovine coronary arteries to hypoxia suggest that systems, including the opening of potassium (K ϩ ) channels, increased sarcoplasmic reticulum (SR) uptake of calcium by the sarco(endo)plasmic reticulum calcium ATPase (SERCA) pump, decreased SR calcium release, and decreased calcium influx across the plasma membrane, all appear to participate in the response that is observed. However, the presence of multiple thiol redox sites potentially controlling key processes regulating interactive systems influencing SR calcium and calcium influx makes it difficult to establish the actual sequence of processes mediating the lowering [Ca 2ϩ ]i and relaxation elicited by increased NADP/NADPH redox. The presence of increased levels of G6PD expression and activity in bovine pulmonary arteries (30) appears to maintain elevated levels of cytosolic NADPH available for the generation of superoxide by endogenous Nox oxidase activity, and to prevent the relaxation to hypoxia that is observed in coronary arteries. Hypoxia appears to promote contraction in bovine pulmonary arteries through removing a relaxation originating from peroxide potentially derived from the metabolism of superoxide by Cu,Zn-SOD (2, 53) . Although there is evidence justifying hypothesizing removal of relaxing mechanisms potentially coordinated by processes regulated by cGMP protein kinase (12, 13) and decreased NADP-to-NADPH ratios (31), the actual mechanism mediating the increase in force elicited by hypoxia remains to be established. Although we find evidence for Nox2 and mitochondria as potential sources of ROS in bovine pulmonary arteries, our most recent studies suggest a role for Nox4 as the PO2-sensitive source of peroxide that is regulating the pulmonary vascular response to hypoxia (1, 2).
However, the poorly understood interactive nature of systems regulating calcium around the sarcoplasmic reticulum and evidence for potential redox regulation of most calcium and potassium channels makes it difficult to sort out which redox-regulated sites are most important. Oxidation of cytosolic NADPH also appears to inhibit nitric oxide-elicited stimulation of sGC and vascular relaxation through thiol and heme redox-associated mechanisms that are discussed below. Thus, as nitric oxideelicited relaxation becomes impaired, cytosolic NADPH oxidation appears have an important role in additional processes promoting vasodilation through coordinating multiple mechanisms of lowering intracellular calcium.
The control of thiol redox on proteins is thought to be an important component of the redox regulation of multiple signaling systems. Thiol redox changes involve processes such as the formation of sulfenic acids, S-nitrosated thiols, S-nitrated thiols, disulfide formation between protein cysteine thiols or with glutathione to form S-thiolated or S-gluthionated adducts with protein cysteines, and the disruption of iron-sulfur or zinc sulfur centers (23, 60, 61, 72) . NAD(P)H and thiol redox potentially influence key sites regulating calcium reuptake and release from the sarcoplasmic reticulum, channels involved in capacitive-and voltage-regulated calcium influx across the plasma membrane, ion channels controlling membrane potential, and contractile-enhancing systems that participate in controlling vascular smooth muscle force generation. The role of NADPH in influencing redox effects of peroxide metabolism by glutathione peroxidase and peroxiredoxins is potentially a major route for ROS to interact with thiol redox-associated signaling. NADPH is used by glutathione reductase and thioredoxin reductase reactions to metabolize peroxide through its role in maintaining glutathione and thioredoxin in their reduced forms. Oxidation of the glutathione and thioredoxin systems is thought to be a key cofactors in controlling the status of thiol sites on proteins that are involved in redox regulation of their function through their actions in controlling sites undergoing thiol oxidation or S-thiolation. The reversible or chemical equilibrium-like behavior of NADPH-dependent enzymes, including glutathione and thioredoxin reductases controlling the thiol redox status of the glutathione and thioredoxin systems, is likely to be an important contributing factor in the localized redox control of proteins involved in cellular signaling. Although the balance in subcellular regions between metabolic production of NADPH and its consumption by oxidase, peroxidase, thiol-reducing, and other metabolic systems could be hypothesized to be a major factor in determining which signaling processes are regulated, minimal consideration has been given to the interactive properties of these redox systems. Thus the influence of vasoactive stimuli on the interactive balance between peroxide metabolism and thiol redox control systems linked to NADPH redox in subcellular regions should be considered for its potential role as a key factor in determining how specific signaling systems are regulating vascular function.
Influence of Hypoxia on Cytosolic NADPH Redox and Basal Levels of ROS are Potentially Major Factors in Vascular Oxygen-Sensing Mechanisms
Mechanisms involving changes in ROS and redox have been key components of most current hypotheses for linking the sensing of changes in oxygen tension to the regulation of vascular tissue (54, 69, 74) . However, substantial controversy currently exists regarding the role of ROS and redox changes in modulating contractile function elicited by exposing the vascular smooth muscle of pulmonary and systemic arteries to hypoxia. For example, in pulmonary arteries, there is evidence for hypoxia promoting vasoconstriction through either decreasing or increasing vasoactive ROS derived from mitochondrial and/or Nox oxidase sources. In systemic arteries, hypoxia has been reported to increase mitochondrial ROS, and to elicit relaxation through oxidative redox changes in systems such as cytosolic NADPH and/or thiol redox regulation of potassium channels that are either ROSdependent (44) or ROS-independent (32, 49, 52).
Our recent studies in bovine calf coronary and pulmonary arteries have provided evidence supporting potential explanations for the origins of some key controversies in this field. Initially, the studies of Mohazzab-H et al. (52) found that hypoxia seemed to lower superoxide detected by lucigenin chemiluminescence and peroxide based on its ability to convert methanol to formaldehyde by endogenous catalase in precontracted endothelium-denuded coronary arteries, and Nox-type oxidases dependent on NAD(P)H appeared to be the major source of basal superoxide in this vascular segment. However, the relaxation of these arteries to hypoxia did not appear to involve superoxide-derived ROS such as hydrogen peroxide (49, 52) . Recent work by Gao and Wolin (26) has provided evidence that we can detect hypoxia-eliciting increases in mitochondrial superoxide detected by mitosox in coronary arteries. Surprisingly, when the arteries are contracted with 30 mM KCl, they show decreases in mitochondrial superoxide. In addition, inhibition of mitochondrial electron transport in bovine coronary arteries under normoxic conditions with probes such as rotenone and antimycin increases mitochondrial superoxide, but these treatments do not decrease force generation or mimic the effects of hypoxia (26, 28) . Superoxide and/or hydrogen peroxide from extramitochondrial sources that appear to be Nox oxidases also seem to be decreased by hypoxia in the absence or presence of contraction (26, 52) . Our studies suggest that increases in superoxide detected by mitosox are observed when hypoxia or mitochondrial electron transport inhibitors raise mitochondrial NAD(P)H redox above the basal level, and this was observed to be associated with mitochondrial membrane hyperpolarization (26) . However, when the arteries are exposed to 30 mM KCl, the increased intracellular calcium release and/or metabolic stress associated with contraction alters the balance of processes controlling mitochondrial NAD(P)H redox in a manner that prevents the increase caused by hypoxia, and these conditions are associated with a decrease in superoxide (26) . Thus differences in experimental conditions such as the absence or presence of force generation could be factors in influencing if mitochondria in vascular smooth muscle show increases or decreases in superoxide or ROS generation under hypoxic conditions.
Studies by Gupte and Wolin (32) have provided evidence for a key role of hypoxia in promoting relaxation of bovine coronary arteries through a metabolic stress (see Fig. 3 ) that decreases the activity of the G6PD reaction of the PPP, and this seems to promote the oxidation of cytosolic NADPH and relaxation through the coordination of calcium-lowering processes regulated by this system. Because ATP levels are maintained under hypoxia, the metabolic stress does not seem to be related to a deficiency in energy metabolism. Pulmonary arteries maintain higher levels of NADPH and G6PD [but not glucose-6-phosphate (G-6-P)], and this seems to prevent hypoxia from causing cytosolic NADPH oxidation and relaxation (30, 31) . Interestingly, pyruvate inhibits relaxation and changes such a lowering of G-6-P and NADPH elicited by hypoxia, suggesting that a metabolic stress on glycolysis or process promoting NADPH oxidation could be a key factor (32) . Because hypoxia lowers endogenous pyruvate, a mitochondrial-dependent metabolic pathway of pyruvate linked to maintaining cytosolic NADPH redox could be a fundamental process in the mechanism of sensing hypoxia by coronary arteries (26) . Thus a metabolic impairment of the ability of mitochondrial-associated pathways of pyruvate metabolism to maintain cytosolic NADPH by the G6PD reaction of the PPP appears to be an oxygen-sensing mechanism that regulates the relaxation of coronary arteries by hypoxia.
Early studies by Burke and Wolin (11-13) developed evidence for a hypothesis that hypoxia promoted vasoconstriction of bovine calf pulmonary arteries through removing a peroxide-dependent relaxing mechanism, where a suppression of cGMP signaling seemed to be a contributing factor to the response that was observed. Although this seemed to be an alternative to the initial redox hypothesis for hypoxic pulmonary vasoconstriction of Archer et al. (4, 6) linking hypoxia to removing a ROS-dependent hyperpolarization depressing force through a loss of ROS-mediated oxidation of cytosolic NAD(P)H and thiol redox systems maintaining the opening of potassium channels, subsequent work is providing evidence that components of both hypotheses may be important contributing factors. The detection of NAD(P)H oxidases as major sources of superoxide-derived peroxide in bovine pulmonary arteries led us to consider the oxygen dependence of Nox oxidases as the oxygen sensor for hypoxia (50, 53) . In contrast, the influence of mitochondrial inhibitors on responses of rat pulmonary arterial smooth muscle to hypoxia promoted consideration of mitochondrial sources of ROS as key contributors to the redox hypothesis (4, 44) . Although it is possible that either source of ROS generation could be important, our studies in bovine pulmonary arteries have led us in the direction of considering Nox4 as the dominant oxygen-regulated source of ROS linked to force regulation by hypoxia. Studies of Gupte et al. (30) have provided evidence that Nox2 and Nox4 are the major forms of this oxidase present in the smooth muscle of bovine pulmonary arteries. Our group and Archer and Weir have evidence from studies using pharmacological probes (1) and knockout mice (5) suggesting that, while Nox2 may be an important source of ROS in the pulmonary vasculature, the oxidants generated by this oxidase system do not seem to be a significant contributing factor to vasoconstriction elicited by hypoxia. We hypothesize that Nox4 is the important source of peroxide influencing hypoxic vasoconstriction in bovine pulmonary arteries based on recent work developed by Ahmad et al. (1, 2) suggesting that pharmacological or smallinterfering RNA inhibition of Nox4 activity and increasing Nox4 expression by organ culture with transforming growth factor-␤ influences the magnitude of contractions to hypoxia in a manner consistent with a role for changes in ROS generation by this oxidase (Ahmad M and Wolin MS, unpublished observations). In contrast, while mitochondrial inhibitors including rotenone and antimycin decrease superoxide in bovine arteries (1) in a manner similar to changes seen in the rat pulmonary vasculature (4, 44), we find that these inhibitors do not alter the magnitude of contraction to hypoxia in the bovine pulmonary arteries. Gupte and colleagues (31) have observed that hypoxia increases NADPH in rat pulmonary arteries under conditions where contraction is observed, suggesting that a contributing factor could also be removal of relaxing mechanisms controlled by cytosolic NADP/NADPH redox. For example, increasing cytosolic NADPH redox could result in the closing of potassium channels and/or lowering intracellular calcium. Because decreased NADPH consumption by Nox oxidases and the metabolism of peroxide are components of the hypotheses for hypoxic pulmonary vasoconstriction being discussed, much of the evidence on the response of pulmonary arterial smooth muscle to hypoxia being considered here seems to be converging on what appears to be a signaling mechanism involving hypoxia decreasing a peroxide-controlled NADPH redox-regulated relaxing mechanism.
sGC and cGMP Signaling are Major Targets of Regulation by ROS and Cytosolic NADPH Redox
Many redox systems seem to regulate sGC-and/or cGMPassociated signaling systems designed to coordinate processes involved in vascular smooth muscle relaxation. As discussed previously, it is well established that superoxide anion attenuates sGC stimulation by NO as a result the efficiency of the diffusioncontrolled reaction between these two free radical species. Our studies by Cherry et al. (17) and Omar et al. (58) developed evidence for the important role of Cu,Zn-SOD activity in protecting the stimulation of sGC by NO from being impaired by the basal levels of superoxide generated in pulmonary and coronary arteries, respectively. Peroxide generated from the scavenging of superoxide by Cu,Zn-SOD derived from sources including Nox oxidases (11-13, 49, 52, 53) seems to be able to stimulate sGC activity when it is metabolized by catalase. However, several factors can make it difficult to observe relaxation responses through this mechanism. Relaxation to peroxide is readily inhibited by both superoxide and NO through their ability to inhibit catalase (11, 18, 51) . It addition, peroxide can also simultaneously stimulate contractile-enhancing mechanisms such as those activated by stimulation of extracellular signal-regulated kinase (ERK) mitogen-activated protein (MAP) kinase, which seems to promote a functional antagonism of relaxation (56, 57) . Peroxynitrite and nitrogen dioxide can interact with thiols in a manner that generates donors of NO, and the release of NO over time can promote a prolongation of relaxation (22) . In addition, peroxynitrite appears to be able to oxidize the heme of sGC from its ferrous (Fe 2ϩ ) NO-binding form to its ferric (Fe 3ϩ ) form, which seems to be resistant to participating in stimulating sGC activity, and potentially associated with a loss of heme and the degradation of sGC (63) . Thus the levels of NO and individual ROS and NO-derived species in the proximity of sGC are likely to determine how the production of cGMP by this enzyme is regulated.
Our more recent studies by Gupte and Mingone have provided evidence that cytosolic NADPH redox also has an important role in controlled thiol and heme redox systems, which have a major influence on the ability of NO to stimulate sGC through mechanisms that are shown in Fig. 4 . It is well established that NO stimulates cGMP production by binding the ferrous (Fe 2ϩ ) heme of sGC (19, 71, 76) . Recent studies suggest that the heme of sGC is readily oxidized to its ferric (Fe 3ϩ ) form under vascular pathophysiological conditions associated with impaired NO stimulation of sGC (63) . Our studies have detected a cytosolic NADPH redox-controlled methemoprotein reductase activity that appears to have an important role in maintaining the heme of sGC in its ferrous oxidation state (33) . When inhibitors of G6PD cause oxidation of cytosolic NADPH associated with increased GSSG, it appears that an enzymatic reaction utilizes GSSG to promote what appears to be a thiol redox-mediated inhibition of sGC activation by NO in a manner that does not appear to inhibit the basal sGC (46) . Interestingly, peroxide has been shown to cause a thiol oxidation-mediated dimerization of cGMP-dependent protein kinase (PKG) associated with its activation and relaxation of coronary arteries (10) , and recently reproduced these observations in the bovine pulmonary arteries studied in our laboratory (Neo BH and Wolin MS, unpublished observations). Thus cytosolic NADPH redox also appears to have important roles in regulating the vascular function through altering the sensitivity of sGC to NO through its influence on thiol and heme groups of sGC. In addition, redox regulation of PKG could be a contributing factor or alternative mechanism for oxidant-elicited vascular relaxation.
Pathways controlling the biosynthesis of heme and its metabolism by heme oxygenase (HO) also have a major influence on the generation of cGMP by sGC. Heme biosynthesis is obviously needed to maintain the availability of heme for its role in enabling NO to bind and stimulate sGC. The biosynthetic precursor to heme, protoporphyrin IX, is an activator of sGC that is thought to function through replacing the heme on sGC in a manner that reproduces interactions elicited by NO (76) , such as the loss of a heme iron-histidine coordination associated with stimulation of cGMP production (71) . Recently developed drugs designed to stimulate sGC through the protoporphyrin IX binding appear to be resistant to some of the oxidant processes that impair sGC regulation in disease models that impair NO-mediated vascular relaxation through this system (63) . Although exposure of vascular tissue to ␦-aminolevulinic acid can cause the accumulation of protoporphyrin IX in amounts that stimulate sGC and promote relaxation (47) , there is an absence of evidence that this activator of sGC accumulates under physiological conditions in amounts that regulate vascular function. The HO reaction also seems to regulate sGC through several potential mechanisms. There is evidence that its product carbon monoxide is a stimulator of sGC at micromolar concentrations and an inhibitor of NO stimulation of sGC; however, we have not been successful in finding evidence for these effects in our studies on bovine arteries (45) . Generation of biliverdin and bilirubin by the HO reaction seems to have antioxidant-like actions that could have effects on systems regulating sGC (73) . In addition, our recent studies suggest that the induction of heme oxygenase-1 (HO-1) can impair sGC regulation by NO under conditions where it depletes heme in vascular smooth muscle. The induction of HO-1 also seems to lower superoxide through increasing the expression of the extracellular form of SOD, and this may have an important beneficial role in restoring NO-mediated responses in diseases such as diabetes (65) . Thus heme metabolism has multiple interactions with redox processes that regulate the activity of sGC.
Stimuli of Vasoconstriction Can Function Through Promoting Oxidant Signaling
There is some evidence that many agents or stimuli associated with promoting vasoconstriction also cause the generation of ROS. The generation of ROS as a result of ANG II (AT) stimulating the AT 1 receptor on vascular smooth muscle is one of the most-studied systems. Griendling and colleagues (62) have documented that stimulation of the AT 1 receptor initially promotes a p47 phox stimulation of Nox oxidase activity in rat aortic smooth muscle cells. The peroxide generated by this pathway appears to further stimulate Nox oxidase activity by activating Src kinase, which promotes a EGFR transactivation of phosphatidylinositol-3-kinase, which is linked to rac binding to Nox oxidase. Our studies by Richard Oeckler on a stretchinduced enhancement of force generation in bovine coronary arteries associated with a p47 phox -mediated activation of superoxide generation by Nox oxidase resulted in evidence for a peroxide-mediated Src kinase-EGFR transactivation of ERK MAP kinase in the response observed (57) . This mechanism was also observed in bovine pulmonary arteries, and it could be activated by increased lactate, which was presumably functioning through increasing the availability of cytosolic NADH for utilization as a substrate for Nox oxidase (56) . We have observed in collaborative work by Ungvari et al. (66) that acute increases in luminal pressure are also a direct stimulus for increasing superoxide in both endothelium and vascular smooth muscle of rat femoral arteries. Studies by Gupte et al. (29) on a contraction of bovine coronary arteries elicited by the phorbol 12,13-dibutyrate activator of protein kinase C has resulted in the detection of a p47
phox kinase activation of Nox2, Fig. 4 . Relationships between cytosolic NADPH redox and the control of sGC by thiol and heme redox mechanisms. Our studies with inhibitors of G6PD [6-aminonicotinamide (6AN) and epiandrosterone (Epi)] that decrease glucose metabolism through the PPP and the generation of cytosolic NADPH detected evidence that NADPH functions to prevent inhibition of NO stimulation of sGC by thiol and heme oxidant mechanisms (33, 46) . NADPH oxidation increases the ratio of reduced glutathione (GSH) to oxidized GSH (GSSG), and an enzymatic process enables GSSG to inhibit NO stimulation of sGC. In addition, both peroxynitrite and the sGC inhibitor ODQ are thought to oxidize the heme of sGC to its ferric (Fe 3ϩ ) form. An NADPH-dependent methemoprotein reductase activity appears to restore the Fe 3ϩ -heme of sGC to the ferrous (Fe 2ϩ ) form that binds NO. These systems potentially function to prevent the loss of NO stimulation of sGC under conditions of oxidative stress associated with increased ROS and ONOO.
suggesting that the activation of this system could be an important factor in the action of contractile agents that function through stimulating protein kinase C. Webb and colleagues (37) have provided evidence that Rho kinase may also be an important factor in regulating the mechanisms of contraction elicited by ROS. We suspect that the subcellular colocalization of signaling and spilling over of oxidant stress into other subcellular regions will be major factors in determining the regulation of signaling systems in responses that are observed. It is likely that differences in expression of components regulating oxidases and the actions of ROS on signaling systems influencing endothelial mediator release and vascular force are major contributors to regional differences in vascular regulation, and changes associated with vascular disease processes.
ROS and Redox Controlled Signaling Mechanisms are Potentially Major Factors in Aging-Associated Vascular Diseases
Studies published in the literature provide an extensive documentation of roles for changes in ROS and the function of redox-regulated systems in cardiovascular diseases associated with aging. Our laboratory has gained much insight into how ROS and redox controlled signaling mechanisms are potentially involved in aging and aging-associated cardiovascular diseases (e.g., hypertension, heart failure, diabetes) as a result of collaborations with colleagues at our institution, including Gabor Kaley, Thomas Hintze, Akos Koller, Zoltan Ungvari, Alberto Nasjletti, and others we have published with. Although the scientific literature has provided extensive documentation for increased superoxide generation functioning to attenuate endothelial regulation of vascular smooth muscle relaxation by nitric oxide in agingassociated vascular diseases and the ability of the endothelium to generate vasoactive levels of hydrogen peroxide, there appear to be many additional aspects of ROS and redox regulation in these diseases that remain to be defined. Models for each disease have provided evidence for different aspects of processes increasing oxidant production in the endothelium and vascular smooth muscle. In addition, the Harrison group (55) has highlighted the potential importance of a feedforward mechanism where the initial activation of Nox oxidases by pathophysiological mediators such as ANG II promotes the activation of other oxidases. Each major ROS-generating system shown in the endothelium of the model in Fig. 5 has ways of being activated by oxidants derived from superoxide and NO to produce further increases in ROS. For example, peroxynitrite oxidizes tetrahydrobiopterin and uncouples NO synthase (55) ; xanthine oxidase activity is increased by multiple oxidant-linked processes, including p38 MAP kinase activation, thiol oxidation, and oxidant-stimulated proteolysis (8); phox subunit, a ROS-associated src kinase activation of rac-1 binding, and by increasing the availability of NAD(P)H. This results in increased peroxynitrite (ONOO) formation as superoxide reacts with NO and oxidant signaling in the endothelium begins to cause additional ROS to be produced through processes that may include tetrahydrobiopterin oxidation-mediated uncoupling of nitric oxide synthase (NOS), peroxidase-associated stimulation of PGG2/PGH2 biosynthesis by cyclooxygenase (COX), increased conversion of xanthine dehydrogenase its oxidase (XO) form, and alterations in the function of the mitochondrial electron transport chain. These changes contribute to decreasing the release of endothelium-derived relaxing mediators through processes that often include attenuating the release of NO, increasing the generation of H2O2 and ONOO, and inactivating PGI2 synthase through tyrosine nitration. Aging-associated vascular diseases also expose VSM to increased ROS in a manner that often attenuates relaxation by NO stimulation of sGC and promotes increased reactivity to vasoconstrictors through enhancing activation of systems, including protein kinase C, extracellular regulated kinase (ERK), and Rho kinase (RhoK). However, it is important to note that little is known about how the progression of aging-associated vascular diseases alters sGC regulation, cGMP-protein kinase activity, cytosolic NADP/NADPH, and many other aspects of redox-controlled signaling systems influencing VSM function that are considered in this review. oxidants activate ROS production by cyclooxygenase (COX) by a combination of promoting release of its substrate arachidonic acid and by oxidizing the heme of COX to a form that promotes prostaglandin biosynthesis and oxidant generation by its peroxidase reaction (38, 42) , and oxidant conditions are also known to promote mitochondrial superoxide generation (34) . In addition, Nox oxidases have previously discussed roles for oxidants in their activation of superoxide production. Because PGI 2 synthase is readily inactivated by peroxynitrite through a tyrosine nitration reaction, oxidant stress of vascular disease processes is often associated with a shift from PG-mediated relaxation responses by PGI 2 to constrictor responses elicited by the accumulation of PGH 2 (77) . Increases in hormones such as ANG II, cytokines, pressure in the vasculature, turbulence of blood flow (shear), and metabolic stresses such as elevated glucose and low-density lipoprotein all have the ability to increase ROS in the vessel wall in a manner that is generally associated with alterations in endothelial regulation of vascular function.
Although some aspects of the effects of increased oxidant production in vascular smooth muscle have been studied, we believe that many aspects of the regulation that exists remains to be defined. Aging itself and models of hypertension, diabetes, and elevated angiotensin appear to increase Nox oxidase activity in vascular smooth muscle (7, 20, 21, 62, 66 -68) . In addition, some of these disease models also seem to be associated with increased mitochondrial oxidant production. While some disease models show a superoxide-mediated impairment of NO-mediated vascular smooth muscle relaxation, there are additional systems regulating vascular function that are likely to be influenced by the observed increases in oxidants. Systems such as NAD(P)H redox and ROS-linked signaling mechanisms associated with oxygen sensing, regulating sGC/PKG, and other relaxant and contractile mechanisms, are also likely to be contributing factors to changes in vascular regulation related to aging. For example, Gutterman and colleagues (48) have shown that diabetes impairs the relaxation of human coronary arterioles to hypoxia. However, the processes responsible for this change remain to be defined. Because evidence is emerging for subcellular colocalization of specific pathways of oxidase activation and redox-controlled signaling mechanisms regulated by oxidase activation, it is likely that each metabolic stress or pathophysiological condition has unique ways of influencing adaptive regulation through the diversity of oxidant-signaling mechanisms discussed in this article. While we have emphasized acute responses influencing the control of vascular force, it is important to emphasize that many processes, including inflammatory responses and remodeling of the vessel wall, are also regulated by the time-dependent function of many of the ROS redox-signaling mechanisms we have considered. Thus factors regulating redox and oxidant signaling are likely to be major determining aspects in the progression of vascular adaptation and pathophysiology seen in aging and vascular disease processes.
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